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Abstract 
 A novel ferrocene-containing dianion, Fe(C5H4-CH(CH3)NHCOCH2SO3
–
)2 (1), has 
been prepared. The oxidation potential of the PPh4 salt is +0.35 V (vs. SCE in PhCN), 
indicating that it is a stronger donor than TTF (tetrathiafulvalene) by +0.03 V. The 
dianion provided a TTF salt, the structure and physical properties of which are reported. 
 
 
Over the past three decades a growing subject in the field of organic conductors is the 
design and development of multifunctional conductors. A variety of properties have 
been investigated such as magnetic [1,2], optically active [3], proton-conductive [4,5], 
chiral [6-10] and ferroelectric [11-13] conductors, which may display new phenomena 
where an interplay between conductivity and the other property plays a crucial role.  
The cation form of the ferrocenyl moiety shows so wide a variety of magnetic 
properties [14] and many researchers have tried introducing the ferrocenyl moiety into 
organic donor or acceptor molecules [15-20]. However, the resultant charge-transfer 
salts have not yet shown high electrical conductivity, probably because the bulky 
ferrocenyl groups prevent close approach of donor or acceptor molecules. In fact the 
highest value reported thus far is 7  10-3 S/cm [19]. 
For more than seven years we have focused on preparing ferrocene-containing anions 
to use as counterions in organic conductors. So far, we have reported three TTF [21] and 
three bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) salts [22-24], one of which, 
´´-(BEDT-TTF)4(Fe(C5H4-CONHCN2SO3)2·H2O [23], shows metallic behavior down 
to 70 K with RT = 40 S/cm, which is the highest value for any ferrocene-containing 
organic conductors. However, for all these salts the ferrocenyl parts are neutral and 
therefore diamagnetic. It is speculated that this is probably because the oxidation 
potentials of all anions we have prepared so far are lower than TTF or BEDT-TTF 
(Chart 1). In fact, the cyclopentadienyl (Cp) rings of the ferrocenyl anionic moieties are 
substituted with electron-withdrawing carbonyl or sulfonate groups, which reduce their 
oxidation potentials. Therefore, preparation of anions having a lower oxidation potential 
is required. In this communication, we introduce a new ferrocene-containing dianion, 
Fe(Cp-CH(CH3)NHCOCH2SO3
–
)2), 1, in which each Cp ring is substituted by an 
electron-donating methylmethilene group. The anion has provided a TTF salt, the 
structures and properties of which are reported. 
CONHCH2SO3
Ğ
CONHCH2SO3
Ğ
Fe
SO3
Ğ
SO3
Ğ
Fe
CONHCH2SO3
Ğ
Fe
CHNHCOCH2SO3
Ğ
CHNHCOCH2SO3
Ğ
Fe
CH3
CH3
CpFeCp-CONHCH2SO3
Ğ Fe(Cp-CONHCH2SO3
Ğ)2 Fe(Cp-SO3
Ğ)2 1
S
S
S
S
S
S
S
S
S
S
S
S
TTF BEDT-TTF
E1 = +0.38 V
2 E1 = +0.55 V E1 = +0.63 V E1 = +0.69 V E1 = +0.82 V  
Chart 1. Structures of the donors TTF and BEDT-TTF, the previously reported ferrocene containing anions and the new anion. 1.  
The  oxidation potentials E1,
2 are also given. 
A reductive ammination between Fe(Cp-COCH3)2 (2.0 g, 7.4 mmol) and 
CH3COONH4 (11.4 g, 150 mmol) in the presence of NaBH3CN (1.9 g, 30 mmol) with 
stirring in methanol at 60 ºC for five days gave Fe(Cp-CH(CH3)NH2)2 (yield 74 %). The 
acidic 1 was prepared by a condensation reaction with Fe(Cp-CH(CH3)NH2)2 (1.5 g, 5.5 
mmol) and HOOCCH2SO3H (1.8 g, 1.3 mmol) in the presence of DCC 
(N,N'-Dicyclohexylcarbodiimide, 2.7 g, 1.3 mmol) and DMAP 
(4-Dimethylaminopyridine, 5.3 g, 44 mmol) in CH2Cl2. Metathesis of H21 with PPh4Br 
yielded the PPh4 salt of 1 (2) (yield 43 %).  Recrystallization from acetone/ethyl 
acetate gave an orange powder. The redox characteristics of 2 were determined by 
cyclic voltammetry. The E1 value of +0.35 V is 0.03 V lower than that of TTF (+0.38 
V).
2
 Therefore it is expected that there will be electron transfer from 1 to TTF in a 
charge-transfer (CT) salt.  
Metathesis of 2 (10 mg) with (TTF)3(BF4)2 in a mixture of methanol (0.7 mL) and 
acetonitrile (2.0 mL) gave black block crystals of the TTF salt of 1 (3). X-ray diffraction 
data were collected using a Rigaku Mercury 2 CCD configured with the Rigaku 
MicroMax-007HF generator and VariMax confocal mirror, at ambient temperature. The 
structure was solved as (TTF)21 in a space group of C2/c. However, successive 
refinement gave a very high R-value of 26.9 % for I > 1.(I). On applying the 
merohedral twin law during refinement, an R-value of 13.2 % was achieved, which is 
still high for a meaningfuldiscussion involving bond lengths. Changing the space group 
from C2/c to Cc provided an R-value of less than 7 %. Therefore, we confirmed that the 
space group of salt 3 is Cc.
3
 The crystal structure is shown in Fig. 1a, which consists of  
alternating layers of the donor and anion. Fig. 1b shows the packing arrangement of the 
TTF layer. Each TTF forms a face-to-face dimer in which many short contacts are 
observed. Each dimer is surrounded by six further dimers, with no short contacts with 
the neighbouring dimers along the b-direction, but with a short contact with the other 
four dimers along the a-direction (Fig 1b). The observation of only one interdimer short 
contact suggests that each dimer is almost isolated, which also suggests that the salt has 
a poor conductivity.  
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Fig. 1 (a) Crystal structure of (TTF)21 (ORTEP, 50% probability ellipsoids). (b) Packing arrangement of the TTF layer together with 
plane-plane distances. Dashed lines indicate S···S, S···C, and C···C contacts shorter than the van der Waals distance (S···S < 3.70, 
S···C < 3.55 , and C···C < 3.40 Å). (c) Intramolecular interactions of 1 and intermolecular interactions between TTF and 1.  
 
As shown in Fig. 1c, each -CH(CH3)NHCOCH2SO3
–
 group of 1 forms an 
intramolecular dimer with two hydrogen bonds of N-H···O-SO2 (a1 and a2). The other 
O atoms of the two independent sulfo groups interact with S atoms of the TTF moieties 
(b1-b5). This suggests that the interion Coulombic interaction is more significant than 
the TTF-TTF interaction that would promote a electrical transport network, which again 
suggests poor conductivity of the salt. In fact, the electrical resistivity, measured by the 
two-probe method, was more than 10
6
 ·cm. In addition, short S···C contacts (c1-c4) 
were observed between S atoms of TTF and Cp rings of ferrocenyl moieties.  
As previously mentioned, cyclic voltammetry indicates that the E1 oxidation potential 
of 1 is 0.03 V lower than that of TTF. So we expect electron transfer from the ferrocenyl 
moiety (Fc) of 1 to TTF in 3. If so, the formula charge of TTF would become lower than 
+1 and that of Fc would change from neutral to cationic. Therefore, the charges on on 
the two independent TTF molecules are estimated by analyzing the TTF bond lengths 
[25].  The values are +1.21 and +0.47, the average of which is +0.84. The result 
suggests that each TTF seems to be a monocation. In addition, the  two 
crystallographically independent Cp···Fe distances in 1 were measured, which are 1.630 
and 1.673 Å. The average of 1.652 Å is not comparative to the ferrocene cation 
(1.7054(4) Å) [26] but is close to that of neutral ferrocene (ca. 1.66 Å) [27], suggesting 
that the Fc part is neutral. Therefore it is unlikely that an electron transfer from Fc to 
TTF has occurred. To confirm this result a preliminary ESR measurement was 
performed. The spectrum of a small single crystal has only one signal with g = 2.0055 
and a peak to peak distance, Hpp = 32 G. The g-value is close to the average of g|| and 
g of 2.0054 of (TTF)11(SCN)6 [28] and no additional signals were observed, which 
again indicates that no electron transfer from 1 to. TTF occurs. 
It can be speculated that the reason why the electron transfer does not occur is as 
follows. Fig. 2 shows a schematic scheme of the energy level diagram. Each TTF 
molecule forms a dimer because the formation is energetically more stable due to a 
bonding energy (Ebonding). The energy Ebonding has been estimated to be 0.218 eV [29]. 
Therefore, the discrete energy levels of the dimer (Edimer = E1 ± Ebonding) become +0.60 
V and +0.19 V. The former level is occupied by a two electrons and the latter level is 
vacant, which is 0.16 V higher than that of 1. Therefore the electron transfer from 1 to 
the TTF dimer is not favourable as shown in Fig. 2. If another donor having a higher 
Edimer provides a CT complex with 1, the electron transfer from 1 to the donor would 
occur. Preparation of such CT complexes and new anions having a lower oxidation 
potential are now in progress.  
We have prepared a new ferrocene-containing dianion, 
Fe(Cp-CH(CH3)NHCOCH2SO3
–
)2) (1), which has a lower oxidation potential than TTF. 
However, in the charge-transfer salt, (TTF)21, no electron transfer from the ferrocenyl 
moiety (Fc) of 1 to TTF was observed, namely the Fc part is neutral and the ground 
state is diamagnetic. We propose areason why the electron transfer does not occur, 
which is because TTF  forms dimers which increases the the energy level higher than 
that of 1.  
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Fig. 2 Schematic scheme of the energy diagram of TTF, 1, and a TTF dimer. Electron transfer can occur from 1 to an isolated TTF 
monomer (O) but dimerization of the TTF dimer prevents this from occurring (X). 
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V vs. saturated calomel electrode (SCE) in PhCN with 0.1 M Bu4NClO4, Pt electrode, 
at room temperature, under nitrogen, scan rate 50 mV s
-1
.  
3
 Crystal data for 3: (TTF)2Fe(Cp-CH(CH3)NHCOCH2SO3)2, C30H30N2O8S10Fe, Mr = 
923.08, monoclinic Cc, a = 13.784(8), b = 10.786(5), c = 25.628(11) Å,  = 
105.834(9)º, V = 3666(3) Å
3
, Z = 4, Dc = 1.67 g/cm
3
, MoK,  = 0.71074 Å, max = 
27.5°, T = 293 K,  = 1.034 mm-1, total data 8341 reflections, unique data 5855 (Rint = 
0.034), used data 4963 (I > 1.0(I)), 462 parameters, R = 0.065, RW = 0.067 on |Fobs|, 
S = 0.927 CCDC ??????. 
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